The dynamic distribution of intravenously infused solutions between the plasma and the interstitial compartments was studied. A mathematical model developed to simulate infusion experiments considered transcapillary fluid and protein exchange, lymph flow, interstitial compliance, capillary surface area, and peripheral vascular resistance. The experimental arterial and venous blood pressure responses and the infusion rate were used as forcing functions. A piecewise optimization procedure resulted in excellent agreement between the simulated and experimental plasma volume responses and provided reasonable time-varying behavior for the precapillary-postcapillary resistance ratio and the capillary surface area. The model was tested with experimental data collected by infusing isotonic Tyrode's or dextran solution into nephrectomized dogs. Blood volume was measured continuously by giving a single injection of 51 Cr-labeled red cells and monitoring the blood radioactivity as it passed through an extracorporeal shunt. The model predicted qualitatively different responses for the precapillary-postcapillary resistance ratio depending on the type of solution infused and the value assumed for tissue compliance. Further analysis indicated that the assumption of a tissue space with overall high compliance (approximately 100 ml/kg mm Hfj-1 ) is more realistic than are the much lower compliances previously reported. Parametric studies revealed that the capillary surface area, the precapillary-postcapillary resistance ratio, and the tissue compliance, but not the lymph flow or the transcapillary protein movement, exert a strong influence on the short-term plasma retention of infused fluids.
Cr-labeled red cells and monitoring the blood radioactivity as it passed through an extracorporeal shunt. The model predicted qualitatively different responses for the precapillary-postcapillary resistance ratio depending on the type of solution infused and the value assumed for tissue compliance. Further analysis indicated that the assumption of a tissue space with overall high compliance (approximately 100 ml/kg mm Hfj- 1 ) is more realistic than are the much lower compliances previously reported. Parametric studies revealed that the capillary surface area, the precapillary-postcapillary resistance ratio, and the tissue compliance, but not the lymph flow or the transcapillary protein movement, exert a strong influence on the short-term plasma retention of infused fluids.
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• It is becoming increasingly apparent that transcapillary fluid exchange plays an important role in both the short-term control of plasma volume (1) and the control of the entire extracellular fluid space (2) . In situations such as hemorrhage, exercise, standing, fluid replacement therapy, or hemodialysis therapy, in which there are rapid adjustments in circulatory volume, the Starling fluid shift mechanism is the major short-term source of plasma volume control. Although considerable research has been done on plasma-interstitial fluid exchange following hemorrhage, there is relatively little information available on the reverse problem Received March 7, 1973 . Accepted for publication September 24, 1973. concerning fluid transport into the tissues during moderate infusions. This lack of information is especially true with regard to the short-term infusion response when many physiological variables may be changing rapidly. Also, there have been no previous attempts to determine quantitatively whether the Starling hypothesis of capillary exchange can adequately account for the whole body dynamics of plasma-interstitial fluid exchange following infusion.
The theoretical factors governing transcapillary fluid exchange have been confirmed experimentally in careful investigations of small portions of the vascular bed (3-6). However, there has been correspondingly little attention paid to whole animal studies. Recently, several theoretical papers (7) (8) (9) have laid the groundwork for such an understanding of plasma-interstitial fluid exchange across the microcirculation as a whole. These authors (7) (8) (9) have suggested that the Starling fluid shift mechanism is only one of several important Circulation Reiearch, Vol. XXXI11, December 1973
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factors in the regulation of extracellular fluid distribution. Using analog computer solutions of their mathematical models, they have shown that tissue compliance, lymph flow, protein exchange, and peripheral vascular resistance are also significantly involved in this process. However, these investigators did not examine their systems for short-term, non-steady-state phenomena, nor did they consider the problem of plasma expansion by infusion of fluids.
The objective of the present study was to use these models, with some modification, as a basis for simulating the short-term disappearance of infused fluids from the circulation. Infusion experiments performed on nephrectomized dogs were used to validate the model. By employing a suitable optimization procedure, the model was used to estimate the changes in the precapillary-postcapillary resistance ratio and the capillary surface area that occur during the infusion response. The effect of tissue compliance-a parameter whose value is presently under dispute (2)-was also examined. A unique feature of our simulation study was the use of experimentally determined blood pressures and infusion rates as time-varying forcing functions. To our knowledge there have been no previous efforts to quantitatively relate the retention of plasma expanders to the simultaneous increases in circulatory pressures.
Methods
PREPARATION
A total of 12 mongrel dogs, averaging 19.7 kg, were splenectomized and bilaterally nephrectomized under sodium pentobarbital anesthesia 1 day prior to the infusion experiments. In 6 dogs, the thoracic lymph duct was cannulated and a lymphovenous shunt was prepared as described by Doemling and Steggerda (10) . In 3 other dogs, catheters for cardiac output measurement were implanted in the jugular vein and the carotid artery. Care was taken to minimize blood loss by squeezing blood from the spleen before its removal. To make up for surgical losses and evaporation (1 ml/kg hour-1 l[ll]) during the postsurgical period, lactated Ringer's solution (500 ml, iv) was administered during surgery. The dogs were not given any food after surgery. Drinking water was available during the recovery period, but the dogs consumed only negligible amounts.
Following the 18-hour recovery period, the dogs were anesthetized with Innovar-Vet (fantanyl-droperidol, McNeill Laboratories); an initial dose of 0.12 ml/kg was given, and the drug was administered later as needed at an average rate of 0.03 ml/kg hour- 1 . Using local anesthesia, PE240 catheters were placed in the right femoral artery and vein for recording blood pressure, in the left femoral artery and vein for establishing an arteriovenous extracorporeal shunt, and in the right cephalic vein for giving infusions. With the dog placed on its side on a heating pad, the free end of the thoracic duct catheter was positioned level with the midpoint of the neck. Lymph was collected, measured, and reinfused into a vein. One-half hour after the catheters had been inserted, heparin was administered; 150 units/kg was given initially, and later the drug was administered as needed at an approximate rate of 35 units/kg hour" 1 .
PROTOCOL
Prior to infusion, a period of at least 1 hour was allowed to ensure the equilibration of red cell tracer and to obtain control values for all measured variables: blood volume, mean arterial blood pressure, mean venous blood pressure, hematoerit, plasma protein concentrations, and, in some cases, lymph flow and cardiac output. All variables were measured for 2-3.5 hours following each infusion.
The dogs were divided into two groups according to the type of solution infused: group 1 included six dogs infused with Tyrode's solution and group 2 included six dogs infused with dextran dissolved in Tyrode's solution.
Two consecutive intravenous infusions were administered to each dog, the first at a rate of 15 ml/min and the second (2-3.5 hours later) at a rate of 100 ml/min. The total volume of each infusion was equal to 2.5$ of the dog's weight. This volume would expand the blood volume approximately 35% if it were completely retained in the vascular compartment. All solutions were isotonic (300 mosmoles/liter). The concentration of the dextran ranged from 2.5$ to 3.5$ depending on its molecular weight. The exact amount of dextran added to the infusate was determined by adjusting its colloidal osmotic pressure (20 mm Hg) to be isooncotic with dog's plasma. The colloidal osmotic pressure was determined with an osmometer similar to that described by Prather et al. (12) .
Two different molecular size fractions of dextran were used; the molecular weight was 60,000-90,000 in three dogs and 200,000-300,000 in three others. A f-test revealed no significant difference in the blood volume response to these two fractions, and the results from these six dogs were pooled in group 2.
These solutions were chosen to minimize any net fluid exchange with the intracellular compartment following infusion and to enable the mathematical model to be tested over a wide range, since dextran and Tyrode's solutions leave the circulation at different rates.
SYMBOLS AND UNITS
A
= Effective capillary surface area of body (cm 2 ). Cp ( = Plasma protein concentration (g/ml). C t = Interstitial fluid protein concentration (g/ml). CO = Cardiac output (liters/min). COP = Colloid osmotic pressure (mm Hg 
MEASUREMENTS AND ANALYSIS
Mean arterial and venous blood pressures were recorded continuously with strain-gauge transducers. Blood in the femoral arteriovenous shunt passed through a polyethylene coil inserted in a deep-well gamma counter (13) . The shunt also contained fittings for blood sample removal, tracer injection, heparin administration, and lymph return and a drop chamber for measuring blood flow rate through the shunt. Blood flow through the shunt was maintained by arterial blood pressure at an average rate of 10 ml/min.
Cardiac output measurements were performed in three of the dogs in group 1. The carotid arterial catheter was connected to a densitometer, and a dye injection system was connected to the jugular catheter. Calculations were based on the dye-dilution technique using indocyanine indicator (14) . Total peripheral resistance was calculated from the relationship:
Cardiac output, microhematocrit, and lymph and plasma protein concentrations were measured at 20-minute intervals. Protein concentrations were measured by both the biuret method with albumin standards (12, 15) and by the refractometric method (16) . Blood volume was monitored throughout the experiment by injecting approximately 100 fxc of 51 Crlabeled erythrocytes (12, 17, 18) resuspended in Tyrode's solution to a hematocrit of 40 and continuously recording the blood radioactivity as it passed through the extracorporeal coil gamma-detector system. The amount of free 51 Cr remaining in the supernatant fluid of this preparation was less than 0.5% of the total activity. A sample of the labeled blood mixture diluted 1:500 was pumped through the coil for calibration.
Blood radioactivity in the coil was recorded at 1-Circulalion Relearch, Vol. XXX1U, December 1973 minute intervals by a sealer-analyzer equipped with a rapid digital printout. The effect of coil residence time (less than 1.5 minutes) was negligible except possibly early in the rapid infusion. All radioactivity counts were corrected for background radiation. The blood volume at any given time was calculated by dividing the amount of injected radioactivity by the blood activity and correcting for the effect of the whole body hematocrit-venous hematocrit ratio (F ceU ratio). Plasma volume measured during the control period with a dilution of Evan's blue dye was used to calculate the F ceU ratio. This ratio was assumed to be constant for the rest of the experiment (19) . It has been shown previously (18) and in the present experiment ( Fig. 1 ) that a single dose of labeled red cells can remain in the vascular compartment following infusion. Figure 1 shows the effects of infusing 565 ml of dextran solution into a dog (22.5 kg): initially, the infusion rate was 15 ml/min and later it was 100 ml/min. Changes in the measured variables were consistently greater following the rapid infusion. The 24 separate infusions in 12 dogs were divided into four equal groups: slow infusions of Tyrode's solution, rapid infusions of Tyrode's solution, slow infusions of dextran solution, and rapid infusions of dextran solution. Figure 2 shows the average changes in plasma volume and blood pressures for these groups. The plasma volume response is presented in terms of the fraction of the infused volume retained in the circulation after the end of the infusion. Blood volume and pressure data were averaged at 1-minute intervals for the period immediately following each infusion and at 5-minute intervals thereafter.
Results
In all experiments in which cardiac output and peripheral resistance were measured (Tyrode's infusions only), there was an initial increase in cardiac output and a decrease in peripheral resistance (Fig. 3) . In five of the six infusion experiments, the total peripheral resistance increased, sometimes dramatically, after the initial fall. Our observations agree with those of other investigators (20) who have observed that the transient rise in cardiac output is damped considerably if the infusions are given slowly.
Neither lymph flow nor protein concentration changed appreciably when dextran solution was administered (ten experiments) regardless of the infusion rate. Lymph was collected only during three of the infusions of Tyrode's solution. In one slow infusion of Tyrode's solution there was little change in either lymph flow or protein concentration. However, during two rapid infusions of
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FIGURE 1
Results Tyrode's solution the lymph flow rose transiently to almost three times its control value, but lymph protein concentration decreased steadily to as much as 50% below control values after 3 hours. A more detailed analysis of the experimental results has been reported elsewhere (21) .
MATHEMATICAL MODEL
The extracellular space is considered to be divided into two distinct and well-mixed compartments-the plasma compartment and the interstitial compartment-separated by a capillary membrane of surface area A. Each compartment is characterized by certain state variables: a fluid volume, a protein concentration, and a hydrostatic pressure. Other variables and relationships considered in the model are the precapillary resistance, the postcapil- lary resistance, the mean arterial blood pressure, the mean venous blood pressure, the mean capillary pressure, the transcapillary ultrafiltration rate governed by the Starling-Landis relationship, the restricted colloid diffusion rate, a tissue pressure that is a function of tissue compliance, the interstitial volume, and a variable lymph flow rate that depends on the interstitial volume.
Electrolytes and smaller organic molecules are transported rapidly between compartments in relation to colloid movement and, therefore, do not contribute significantly to the transcapillary osmotic gradient (22) . Additionally, this model does not consider regional differences in such parameters as capillary permeability, tissue compliance, and lymph flow. Instead, average values are assumed for the entire body. This simplification is necessary because data are not available to formulate a distributed-parameter model.
The mathematical relationships describing plasma-interstitial fluid exchange dynamics are depicted in the flow diagram of Figure 4 . Each block can be described by a mathematical input-output function. Empirical relationships are represented by a box containing the particular function graph. In the following description, reference can be made to Figure 4 for functional relationships.
Fluid enters the extracellular compartment by intravenous infusion of isotonic solutions at a predetermined rate (block 1). The total volume infused (V ltl/ ) is determined by integrating the infusion rate pulse function over time (block 2) and adding this volume to the existing extracellular volume (block 3). If the infused solution contains colloids, they are accounted for by adding them to the existing pool of extracellular colloids (blocks 4 and 5).
During and after infusion the pressures in the cardiovascular system increase (blocks 6 and 7). At present it is not possible to predict accurately their response following infusion. For this reason the values of P a (t) and P v (t) that were needed in the analysis came directly from our infusion experiments. These pressures were used to estimate changes in capillary pressure using the relationship first derived by Pappenheimer and Soto-Rivera (5) (blocks 8-10):
where R is the precapillary-postcapillary resistance ratio, RJR V . The dynamic changes in interstitial volume that occur when the normal fluid balance is altered are 
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governed by the instantaneous rates of net transcapillary ultrafiltration and lymph flow (block 11).
Net ultrafiltration, as expressed by the StarlingLandis relationship, is proportional to the filtration conductivity coefficient (K^A) and the difference between the hydrostatic pressures (P c -P t ) and the colloidal osmotic pressures (ir p j -77v) of the two compartments, assuming a reflection coefficient for the plasma colloids equal to unity (blocks 12 and 13).
Since there have been no correlations that would accurately predict the dynamics of lymph flow, we have used an empirical correlation between lymph flow and interstitial volume derived from our experimental data (block 14 and Fig. 5 ).
The pressure in the tissue compartment (P t ) is a function of the compliance, y, of that compartment and the volume of fluid filling the compartment (V ( ). Whether the normal tissue pressure is negative as first proposed by Guyton (23) is not fully settled. In the present analysis, the changes in tissue pressure are more important than are the absolute values. Although the absolute value of ) and to be far less rigid at rest than did Guyton (24) (y = 4 ml/kg mm Hg-1 ), who suggested that compliance increases as the tissue becomes edematous (y = 96 ml/kg mm Hg" 1 ). In the present computer analysis it was assumed that tissue compliance remained constant over the range of interstitial volumes studied. The effects of either a high (96 ml/kg mm Hg-1 ) or a low (4 ml/kg mm Hg" 1 ) tissue compliance were examined (block 15).
The interstitial volume can be obtained by integration of the time derivative (block 16). The plasma volume is obtained by subtracting interstitial volume from extracellular volume (block 17).
The movement of colloids between the two extracellular compartments is considered to occur by restricted diffusion across the capillaries (blocks 18 and 19), 
In this last expression, the concentration of colloids in the lymph is considered to be identical to that in the interstitium, an assumption commonly used by other investigators (7, 8, 25) . The material balance describing the rates of inflow and outflow of protein via the capillaries and lymphatics is given in block 21.
The amount of colloid in the interstitial compartment at any time is obtained by integrating the rate at which colloidal mass changes. This value is used to obtain the tissue and the plasma colloidal concentration (blocks [22] [23] [24] [25] . In simulating the infusion of dextran solution a distinction was made between exogenous and endogenous colloids by solving blocks 18-24 for both dextran and colloids. This procedure permitted the comparison of experimental and simulated protein concentration responses to infusions of dextran solution.
Block 26 represents an empirical relationship (22) for estimating the colloidal osmotic pressure (mm Hg) from the protein concentration (g/100 ml):
Initial Conditions and Constants.-The initial values of variables required by the model (Fig. 4) were calculated from a steady-state analysis of the dynamic system already described. This analysis was accomplished by using experimentally obtained control values for V p(j0 , C V I J0 , P OJ0 , and P Vi0 (V v i at time zero, etc.) and by assuming that the following quantities equaled zero at time zero; dV,/dt, &M t l&t, and V inf . V t , {) was 3.6 times the plasma volume (26) . Resting lymph flow was 2 ml/kg hour 1 (27) . Table 1 summarizes the experimentally determined initial conditions. Average values of K m A«, KpAo, A o , and R o used in the above steady-state analysis were taken from the literature and are shown in Table 2 . Initial values for capillary pressure derived from Eq. 2 are shown in Fig. 6 at time zero. The average value of control tissue pressure (iP(,o) obtained from the model was -0.61 mm Hg.
Simulation Procedure.--Four different situations were simulated paralleling the four experimental infusion groups listed in Table 1 . Particular solutions of the equations describing the model were obtained using an IBM 360/67 digital computer and the IBM CSMP program. Input to the model consisted of the initial conditions and constants, the infusion rates, and the time-varying experimental blood pressures. Two parameters, R and A, were optimized to obtain the best leastsquares fit (28) between the simulated and the experimental plasma volume responses. The optimization subroutine consisted of a direct pattern search and steepest ascent method (29) .
Three types of simulation studies were performed. The first type consisted of a series of parametric studies in which the sensitivity of the dynamic behavior of the simulated system to changes in certain important parameters was examined. Parameter optimization was not used in this phase of the analysis, since no attempt was made to obtain agreement with the experimental data. Two series of studies were then performed to determine optimal parameter values. In the constant parameter optimization studies, constant values of R and A were obtained over the entire simulated run using the optimization subroutine. Although this method produced fair agreement with the experimental results, it was felt that a more physiologically meaningful result could be obtained by treating the optimizing parameters as time-varying quantities. Therefore, in the piecewise optimization studies, the time courses of the experiments were divided into six segments and the entire run was optimized in a piecewise fashion using the optimized results of one segment as initial conditions for the next segment. This analysis resulted not only in a more rigorous fit between observed and simulated results but also in the production of a time profile 
Comparison of piecewise optimized simulation results and experimental data for plasma volume (PV), plasma protein concentration, and plasma protein mass following infusion of Tyrode's solution. Also shown are the model predictions for capillary pressure, precapillary-postcapillary resistance ratio (R a /R v )
, and capillary surface area. of the parameters R and A. This result supports the concept that, in the living animal, R and A are timevarying, especially during hemodynamic stress.
The simulation results were evaluated by comparing the experimental responses with the theoretical responses and by determining whether the optimum values of the adjustable parameters were biologically plausible.
SIMULATION RESULTS
Parametric Studies.-In these studies the following parameters were examined: precapillary-postcapillary resistance ratio, capillary surface area, capillary filtration coefficient (K^A), capillary protein permeability (KpA), lymph flow, and tissue compliance. Results of a rapid infusion of Tyrode's solution are illustrated in Figure 7 . The other infusions were also simulated, and results will be mentioned where appropriate.
The parametric study showed the following. (1) The parameters R and A greatly affect both the behavior and the absolute values of the plasma volume response (Fig. 7A and B) . Variations in R have their most direct effect on the capillary pressure (Eq. 2). The effect of increasing A is an increase in both the net filtration and the colloid diffusion rates and thereby a decrease in the retention of infusate in the plasma. ( 2) The effects of varying the filtration coefficient are much greater than those of varying protein permeability, especially during the first hour after infusion (Fig. 7C) . With protein leakage, water tends to enter the tissues because of osmotic gradients. Thus higher protein permeabilities increase the filtration rate and decrease the plasma volume retention. However, this effect is relatively small compared with the effects of changes in R or A; therefore Kj, would be a poor choice as a parameter to be optimized. (3) The effects of two extreme values of tissue compliance were investigated (Fig. 7D) , and the resultant plasma volume responses were quite different for the two cases. For a low-compliance tissue (y = 4 ml/kg mm Hg" 1 ), a given increase in capillary pressure that enhances filtration is quickly counteracted by a relatively high increase in the tissue pressure. This process results in a much lower net filtration rate and a greater retention of the infusate in the circulation than those observed for a tissue that is more compliant (y = 96 ml/kg mm Constant-Parameter Optimization Studies.-In these studies, we tried to approximate the observed plasma volume response by finding constant optimum values of R and A over the entire infusionresponse period. As noted above, these optimizing parameters exert a particularly sensitive influence on the response of our model. Figure 8 illustrates the results of this analysis by comparing the simulation of a rapid infusion of Tyrode's solution with that of dextran solution. Also shown are the predicted responses of filtration and lymph flow rates and the pressure factors that influence transcapillary filtration.
Changes in both capillary pressure and plasma colloid osmotic pressure are much greater than changes in the tissue compartment reflected by the tissue pressure and the interstitial colloidal osmotic pressure. During the initial stages of infusions of Tyrode's solution, capillary pressure increases and plasma colloid osmotic pressure decreases, thus enhancing filtration. After infusion, however, the capillary pressure and the tissue fluid colloid osmotic pressure decrease while plasma colloid osmotic pressure and tissue pressure increase, all tending to counteract the initial effect. This behavior is in agreement with the principles set down by Starling more than 70 years ago.
With infusion of dextran solution, plasma colloid osmotic pressure initially increases, and the resulting net driving force for filtration is about one-half that predicted during infusion of Tyrode's solution. The slow but steady disappearance of fluid from the circulation following infusions of dextran solution could not be accurately simulated by assuming any reasonable value of colloidal permeability. The simulated plasma volume either reached a steadystate plateau or turned upward as shown in Figure 8 .
It is apparent from this study that, of the two fluid pathways that connect the plasma and the interstitial compartments, transcapillary filtration plays a much more important role than does lymph flow during brief infusions, at least during the major portion of the experiment. However, near the end of the experiment, the filtration rate declined to values approximately equal to that of the lymph and, in fact, decreased below lymph flow as shown. This process resulted in a net flow of fluid into the plasma compartment with a resulting increase in plasma volume; such behavior was observed in several experiments.
Pieceioise Optimization Studies,-The system's dynamic characteristics can be observed most clearly from the results of the piecewise optimization studies. Simulation results for the four groups are shown in Figs. 6 and 9 . The responses of six time-varying quantities have been selected for study: plasma volume, plasma protein concentration, and plasma protein mass are compared with the averaged experimental results, but capillary pressure, precapillary-postcapillary resistance ratio, and capillary surface area are purely predicted responses with no comparable experimental data. The time course of each experiment was divided into six segments, as indicated by the step changes in R and A; each segment was optimized independently. Some of the more important results are as follows. (1) The simulation predicts that in the postinfusion period the resistance ratio is higher with infusion of Tyrode's solution than it is with infusion of dextran solution, but the opposite effect is true for the capillary surface area. There is a dramatic contrast between the capillary area response to the slow infusion of Tyrode's solution and the slow infusion of dextran solution. In both cases the area returns to near normal at the end of the experiment, but the transient response is always below control level for infusion of Tyrode's solution and above control level for infusion of dextran solution. Overall it appears that the behavior of these parameters is exaggerated at the higher infusion rates. The simulation predicts that the most dramatic changes in the resistance ratio response will occur in the later stages of infusion of dextran solution and not immediately after the initial infusion period as is true with infusion of Tyrode's solution. (2) The simulated capillary pressure wave form is derived directly from the optimized response of the resistance ratio and the experimental arterial and venous blood pressure responses (Eq. 2). The capillary pressure declines rapidly after both slow and rapid infusions of Tyrode's solution until it is just slightly below control. However, following dextran infusion, the capillary pressure is prevented from returning to control levels by the lowered resistance ratio. (3) The experimental results show that the increase in plasma protein mass is much larger following the slow infusion of dextran solution (as much as 25* above control) than it is for the three other groups (less than 7%). Simulation predicts that native plasma protein mass increases at the expense of interstitial protein mass after infusion and that the increase is less than 2% for all groups. Thus, the agreement between observed and simulated plasma protein responses is reasonable except during the slow infusion of dextran solution. There is poor agreement early in the simulation during rapid infusions of both dextran and Tyrode's solutions most likely because of inadequate mixing of the proteins in the plasma compartment during the minutes following infusion.
Effect of Tissue Compliance.-Compliance of the interstitial space exerted a profound influence on the dynamic behavior of the model. Figure 10 Average Figure 6 . The results for low tissue compliance were obtained using the same piecewise optimization procedure previously described. The agreement with the experimental plasma volume response, although not shown, was equally good with both high and low tissue compliances. A similar analysis, not shown, was performed for a rapid infusion of dextran solution.
For a tissue space of low compliance, the resistance ratio was predicted to decrease well below the values found for high tissue compliance for infusions of both Tyrode's solution and dextran solution, causing the capillary pressure to increase. This increase in capillary pressure was necessary to counteract the effect of increased tissue pressure while maintaining the required filtration rate. With infusion of Tyrode's solution there was a major qualitative difference in the resistance ratio response. A high-compliance tissue caused an increase above control levels, but a low-compliance tissue caused a decrease below control levels. On the other hand, with infusion of dextran solution the resistance ratio decreased below control for both values of tissue compliance examined.
Discussion
The initial state of hydration is an important factor in the response to infusion. Although we do not have direct measurements of control interstitial fluid volumes, the findings that the average control plasma volume (4.8/K of body weight) was within the normal range for the dog (31) and that the average control thoracic duct lymph flow rate (0.55 ml/min) was in the range of normal basal flow (27) are consistent with a grossly normal state of hydration.
ACCURACY OF THE SIMULATION ANALYSIS
The model used in this study considered a lumped-parameter rather than a distributed-parameter system. We neglected regional differences that exist in lymph flow, capillary permeability, precapillary-postcapillary resistance ratio, and tissue compliance. For example, the vascular resistance in muscle responds to blood pressure changes quite differently than does that in the intestinal vasculature. The lumped-parameter model is not capable of predicting local responses but is capable of predicting an integrated response of all the elements involved. Mellander (1) and Oberg (32) have suggested that the major portion of any acute plasma fluid shift occurs in muscle. Since muscle comprises a large portion of the body mass, the results we obtained for microcirculatory variables are probably most representative of what happens in that tissue.
Although a distributed-parameter model might permit a more detailed analysis of system responses, sufficient data on the variation in parameters for different vascular beds are not available to permit formulation of such a model at present. Furthermore, until experimental evidence regarding these predictions becomes available, it is not possible to state a priori that a model with additional compartments would change the nature of the whole body response that we have observed in our simpler model.
Although there is no direct evidence to support the simulated dynamic behavior of the precapillarypostcapillary resistance ratio, the capillary surface area, or the capillary pressure obtained during the piecewise optimization studies, there is indirect evidence that the results are reasonable. First, the degree to which these variables changed during any experiment is well within physiological limits. Mellander (1) has shown that during stressful situations such as hemorrhage, exercise, hypoxia, etc., the capillary pressure can vary ±15 mm Hg from normal, the capillary surface area can vary from 0.2 to 4 times normal, and the resistance ratio can vary from 1.7 to 18. In our studies, the capillary pressure varied from 7 to -3 mm Hg from normal, the capillary surface area varied from 0.5 to 1.8 times normal, and the resistance ratio varied from 2.8 to 4.8. Thus we can see that the model we have constructed is capable of predicting plausible values for quantities that could not be obtained explicitly. Second, not only the magnitude but also the direction of these changes can be interpreted to be compatible with current concepts of microcirculatory control.
ROLE OF TISSUE COMPLIANCE
An important result of the simulation study was the finding that the predicted peripheral resistance response was quite different depending on which solution was infused and which value of interstitial compliance was assumed. If this prediction is at all meaningful, then two questions should be asked. Why is there such a difference between the response to different solutions? Which of the assumed values of compliance are more reasonable?
The answers would be simpler if data were available which showed the experimental dynamic response of the precapillary-postcapillary resistance ratio to infusions. Unfortunately, such data do not exist. However, although it would have been difficult to experimentally measure resistance ratio changes, it was possible to measure the total peripheral resistance, R a + R v . Figure 10 presents the averaged results of three experiments in which Tyrode's solution was infused rapidly (data from Fig. 3) . The dramatic and sustained increase in total peripheral resistance has been observed previously following infusions (33) and has been postulated by Guyton et al. (34) to be due entirely to autoregulation.
If, as is generally assumed, changes in total peripheral resistance are primarily due to changes in precapillary resistance rather than to changes in postcapillary resistance, then the values of total peripheral resistance may be assumed to vary in the same direction as the precapillary-postcapillary resistance ratio. Comparison of the simulated and experimental responses in Figure 10 shows that the assumption of an overall highly compliant tissue appears more realistic than does one of low compliance. This conclusion is also confirmed for infusion of dextran solution but for different reasons. In that case, the predicted change in the precapillary-postcapillary resistance ratio when tissue compliance is low is well below the known physiological range previously observed for this variable under extreme conditions (1) .
Our results supporting a fairly high-compliance tissue space do not necessarily invalidate the concept of a normally low-compliance tissue space (24) . Guyton (24) has suggested that animals which are anesthetized for several hours tend to accumulate tissue fluid due to reduced lymph flow and osmotic forces. In the present study, the dogs were anesthetized several hours prior to the first infusion and then for several more hours during the infusion-response period. If tissue fluid progressively accumulated during this period it is possible that the tissue compliance would increase, as Guyton (24) has suggested. Although the volume of fluid of each infusion was below that required to produce the high-compliance condition associated with edema in conscious animals, the anesthetized state and the double infusions might have caused this state to develop more readily.
ROLE OF PRECAPILLARY-POSTCAPILLARY RESISTANCE AND TRANSCAPILLARY FILTRATION
In contrast to the results obtained with the infusion of Tyrode's solution, the simulation predicts that the precapillary-postcapillary resistance ratio will decrease following infusion of dextran solution, especially late in the experimental period, for both high and low tissue compliance. This finding suggests that certain control mechanisms with a delayed response may be invoked by the hypervolemic stress associated with dextran infusion but not with Tyrode's infusion. Although data on dynamic changes in precapillary-postcapillary resistance ratio are not available, Conway (14) has measured an increase in total peripheral resistance following infusion of dextran solution that is delayed more than 1 hour. In another study Prather et al. (18) have shown that stress relaxation (a delayed vasodilation reflex following blood volume expansion) following infusion of Tyrode's solution is minimal compared with that following infusion of dextran solution. Although neither of these observations appears to explain the simulation response mentioned above, it is certainly possible that they may be related. It is also probable that dramatic and delayed decreases in the precapillary-postcapillary resistance ratio involve the integration of both the resistance and the capacitance functions of the veins and the dynamic distribution of blood within the systemic circulation. Little information about these mechanisms (35, 36) is presently available and, if nothing else, the simulation results suggest that these areas are worthy of more study.
The precapillary and postcapillary resistances and the sphincter elements of the peripheral circulation play a crucial role in controlling changes in capillary pressure, capillary surface area, blood flow and distribution, and transcapillary fluid exchange. The simulation analysis suggests that adjustments in the microcirculation following infusions can be very effective in adjusting transcapillary filtration as a means of controlling total blood volume. The importance of the precapillary-postcapillary resistance ratio and the capillary surface area in autoregulating transcapillary filtration and fluid balance during exercise, standing, and hemorrhage has previously been discussed by Lundvall et al. (37) and others (1, 38) . The present analysis suggests a similar kind of autoregulation during the hypervolemic response to infusions.
PLASMA PROTEIN RESPONSE
Although the large increase in plasma proteins following the first infusion of dextran solution was not accounted for by the model, other investigators (30, (39) (40) (41) have reported similar changes of the same magnitude for infusion of both dextran and saline. Moore et al. (40) have suggested that it is unlikely that thoracic duct lymph proteins can account for the largest increases that they observed. The present experiments support this view. Lymphovenous shunts other than the thoracic duct, such as hepatosplanchnic lymphatics, might be involved in releasing a store of preformed proteins. It has recently been suggested (42) that interstitial protein can enter the circulation through pathways other than the lymphatics, namely through sites in the capillaries that are anatomically separate from those involved with filtration. The fact that a large protein release was observed for the first but not the second infusion of dextran solution in the same dogs suggests that the postulated store of preformed proteins became depleted from the stress of the first infusion.
Our objective was to validate a model describing the dynamics of plasma-interstitial fluid exchange. We found that the model was capable of accurately simulating the dynamic plasma response to infusion and at the same time could predict the time-varying behavior of certain microcirculatory parameters. These predicted changes are consistent with previously postulated mechanisms with which the circulatory system can protect itself against hypervolemic stress. The simulation suggests that changes in lymph flow and transcapillary protein movement do not play important roles in determining the short-term plasma retention of infused fluids. However, changes in the capillary filtration surface area, the precapillary-postcapillary resistance ratio, and the tissue compliance appear to exert a major influence on this process. Our results emphasize the need to study further the characteristics of tissue compliance, the integration of capacitance and resistance functions of the veins, and the distribution of blood following intravenous fluid loading.
